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We performed temperature dependent infrared spectroscopy measurements on BiTel single crys- 
tals, which exhibit large Rashba spin-splitting. Similar to a previous optical study, we found elec- 
tronic excitations in good agreement with spin-split electronic bands. In addition, we report a 
low energy intraband transition with an onset energy of about 40 meV and an unexpectedly large 
number of vibrational modes in the far-infrared spectral region. At least some of the modes have 
asymmetric Fano line-shape. These new observations cannot be explained considering only the bulk 
band structure or crystal symmetry of BiTel, and we proposed that the optical response is also 
affected by the surface topology. 



PACS numbers: 74.25.Ha, 74.78.-w, 78.20.-e, 78.30.-j 

Exploring the spin component of the conduction carri- 
ers (spintronics) represents an active research field, with 
the goal of realizing faster, more complex semiconduct- 
ing devices. One avenue is to combine a large spin orbit 
interaction (SOI) with lack of inversion symmetry, which 
will lift the spin degeneracy of the electronic bands. This 
could be realized either in bulk semiconductors that con- 
tain elements with large atomic number (i.e. large SOI) 
and that do not have a spatial inversion symmetry / [T], 
or in 2D electron gases under an electric field applied 
perpendicular to the surface [2]. The so called Rashba 
effect results in a splitting of the two spin branches of an 
electronic band in momentum space by a wavevector kn, 
as illustrated in the inset of Fig. [4] The splitting energy 
is 2Er = aftkft, where an is the Rashba parameter, a 
measure of the spin-splitting strength. 

For potential applications, it is desirable to obtain a 
large momentum splitting and a large Rashba param- 
eter, i.e. splitting energy and highest values were ini- 
tially reported at the asymmetric interfaces between Bi 
and noble metals [HE]- However, recent work combining 
angle resolved photocmission (ARPES) and band struc- 
ture calculations reported a large bulk Rashba splitting, 
with a Rj 3.8 eVA, in the polar semiconductor BiTel [5]. 
Subsequently, theoretical calculations and experimental 
measurements of optical conductivity confirmed that the 
electronic excitations in BiTel are in good agreement 
with the bulk Rashba split electronic bands [BJ. Further 
ARPES studies suggested tridimensional character of the 
bulk bands [8] , but some also reported the existence 
of two-dimensional surface branches, possibly with even 
higher Rashba spin splitting [5J [5] • Theoretical calcula- 
tions on BiTeX (X=C1, Br, I) also indicate the recon- 
struction of the band structure at the Te-terminated sur- 
face, resulting in the formation of a surface 2D electron 
system that separates from the bulk states [10]. Fur- 
thermore, we reported very recently the observation of 



quantum oscillations from surface carriers in BiTel |llj . 

Previous optical studies, with the lower frequency limit 
of about 10 meV (80 cm -1 ), focused on the optical re- 
sponse beyond the energy range dominated by the free 
carriers, concerning mostly with the intra and inter-band 
transitions between the Rashba split branches [BJ. Here 
we report measurements of temperature dependent in- 
frared spectroscopy, from lower energy (« 3 meV), on 
single crystals of BiTel. In addition to previous findings, 
we report new features in the optical spectrum: an elec- 
tronic excitation with a low energy onset of about 40 meV 
and a complex vibrational spectrum, that cannot be ex- 
plained from the symmetry of the bulk crystal structure. 

Single crystals of BiTel were grown by chemical vapor 
transport and Bridgman method. Samples with shiny, 
mirror-like surface and diameter 3-5 mm were selected 
from the same batch. Measurements of resistance and 
Hall coefficient were performed on two of the samples us- 
ing a commercial PPMS with base temperature of 2K and 
magnetic field up to 6 Tesla. Infrared optical reflectance 
at frequencies from 25 cm -1 to 6000 cm -1 and at sev- 
eral temperatures between room temperature and 10 K, 
was measured using a helium flow cryostat mounted on 
a Bruker-113v FTIR spectrometer. The high frequency 
reflectance, up to 25 000 cm -1 (3 eV) was measured at 
room temperature using a Carl Zeiss microscope pho- 
tometer and all other temperatures were merged at high 
frequency with the room temperature data. Optical con- 
ductivity was obtained from Kramers-Kronig transfor- 
mation of the reflectance. 

From the main panel of Fig. [T] can be seen that the 
temperature dependence of resistance shows metallic be- 
havior, decreasing by more than three times with cool- 
ing from room temperature to T= 2 K. Although BiTel 
is a bulk semiconductor with E g rj 0.4 eV, resistance 
data suggests that the Fermi energy is situated within 
the conduction band, most likely because of slight non- 
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FIG. 1. (Color online) Temperature dependence of BiTel re- 
sistance normalized to room temperature value. Upper left in- 
set: schematic diagram of the contacts configurations. Lower 
right inset: Hall resistance versus magnetic field at T = 4 K. 



stoichiometry of this compound [T5] • The Hall resistance 
shown in the lower inset of Fig. [T] indicates that the free 
carriers are electrons and we estimated an electron con- 
centration n e s» 5xl0 19 cm -3 . Measurements on two 
separate samples yielded very similar results, suggesting 
consistency in the quality of the samples from the batch. 

Figure |2ja) shows the infrared reflectance, R(uj), for 
different temperatures between 10 K and 300K. At low 
frequency, reflectance is higher than 90% and increases 
with cooling, consistent with the metallic character of 
the resistivity from Fig [I] Several sharp features can 
be observed below 200 cm" 1 and they will be discussed 
later. The reflectance minimum at 860 cm -1 (saO.l eV) 
sharpens and shifts slightly to higher frequency (by about 
5 meV) at low temperature. Real part of optical con- 
ductivity, ai(uj), obtained from Kramers-Kronig trans- 
formation is shown in Fig. [2jb). The low frequency spec- 
trum consists of a peak centered at zero frequency (Drudc 
peak) , due to the free carriers and multiple phonon modes 
associated with lattice vibrations. The temperature de- 
pendence of the zero frequency extrapolation o\dc(T) 
is consistent with resistivity data, increasing at 10 K 
by more than three times from its room temperature 
value. Beyond the width of the Drude contribution, 
(Ti(uj) nearly vanishes up to 3100 cm" 1 (0.38 eV), where a 
clear edge marking the onset of interband transitions can 
be observed, particularly in the inset of Fig. [2^b) . The 
value of the edge is in excellent agreement with that of 
the bulk semiconducting gap determined previously from 
ARPES [5j and optical measurements [6]. 

We first discuss in more detail the low frequency behav- 
ior of optical conductivity. As can be seen from Fig.^b), 
there is large contribution to (Ji(uj) from the phonon 
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FIG. 2. (Color online) Temperature dependent infrared re- 
flectance R(w) (a) and real part of optical conductivity <j\ (uj) 
(b). Insets shows room temperature R(w) (a) and ai(cu) (b) 
up to 25 000 cm" 1 . 



modes, which overlap with the free carrier (Drude) re- 
sponse. For better accuracy in determining the Drude 
contribution (zero frequency peak), we fit both optical 
conductivity and reflectance, for each temperature, us- 
ing a Lorentz-Drude (LD) model. Main panel of Fig. [3] 
shows the low frequency region of the fit for cri(w) at 10 
K and the inset shows the result of the fit for the entire 
measured range of the reflectance, using the same fit- 
ting parameters as for conductivity. We found that the 
same value for the Drude plasma frequency oj^=2900 
cm" 1 may be used for all temperatures and the result- 
ing scattering rate of the conduction electrons decreases 
from 1/t d w180 cm" 1 at T= 300 K to about 40 cm" 1 
at T=10 K, as shown in the inset of Fig. [4] Based on the 
carrier concentration from the Hall resistance data and 
on the value of en® — \/47r n e e 2 /m* from the Lorentz- 
Drude fits, we estimate an in-planc effective mass m* ss 
0.5m e in our samples. It is worth mentioning that in 
our recent study, we concluded that the optical response 
in BiTel is dominated by the bulk carries, therefore the 
parameters obtained above correspond to the bulk [llj . 
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FIG. 3. (Color online) Lorentz-Drude (LD) fit of the far- 
infrared region of optical conductivity at T=10 K. Inset shows 
the fit of R(cj) over the full spectral range. 



The parameters for the vibrational modes obtained from 
the fit in Fig. [3] are summarized in Table [TJ We identi- 
fied unambiguously seven modes and we confirmed them 
by measuring two other samples. Besides, we performed 
measurements on both as-grown and fresh-cleaved sur- 
faces and found the same results, therefore it is unlikely 
that they originate from surface contamination. Polar- 
ization dependent reflectance, with E rotating every 30° 
up to 120°, was also measured, albeit only at room tem- 
perature, and it was found that the modes are isotropic. 
We make two important observations about the phonon 



TABLE I. In plane vibrational spectrum of BiTel at T=10K 
Index Plasma Freq. Center Freq. Width 
ujp (cm -1 ) coo (cm -1 ) F (cm -1 ) 
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spectrum. First, their number is much larger than that 
expected from the crystal structure of BiTel and from our 
configuration with the electric field along the afo-plane. 
BiTel belongs to the P3ml space group, without an in- 
versions /-symmetry and with a C$ v symmetry along the 
c-axis O H5) . From symmetry analysis, there should 
be a total of four vibrational modes, all IR-active. Two 
of them are a symmetric stretch and a symmetric defor- 
mation, respectively, both along the c-axis. The other 
two are a doubly-degenerate asymmetric stretch and a 
doubly-degenerate asymmetric deformation, respectively, 
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FIG. 4. (Color online) (a) Acti around the phonon mode 
at 150 cm -1 for different temperatures, after subtracting the 
Drude background. Traces were shifted vertically for clarity, 
(b) Aoi at T= 10K (symbols) and fit to Eq. [I] (dashed line). 
Inset displays on the same graph the temperature dependence 
of the asymmetry parameter q, obtained from the fit to Eq. [l] 
of Acti, and of the Drude scattering rate 1/td, from the LD 
fit of o\ and R. 



both in the a6-plane. Therefore, only two modes are ex- 
pected for E\\ab and we cannot elucidate at this time the 
origin of the additional ones. However, their large num- 
ber suggests the existence of a lower symmetry structure 
in BiTel. 

Our second observation is that, at least some of the 
vibrations have an asymmetric line shape. In fact, this 
asymmetry can be directly observed from the fit in Fig.[3j 
which reveals that the Lorentz-Drude model does not 
capture correctly the line-shape for some of the modes. 
While it may appear arguable for those up to 100 cm -1 , 
due to the close proximity of their center frequencies, it 
is obvious that the more isolated phonon mode at 143 
cm -1 is strongly asymmetric. We look more closely at 
this mode in Fig. |4][a), where we plot the optical con- 
ductivity Acti, after subtracting the Drude background 
at each temperature. It appears more clear now that 
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FIG. 5. (Color online) Optical conductivity for two different 
samples at T=10 K, after subtracting the Drude background. 
Inset represents a sketch of conduction band in BiTel, includ- 
ing both bulk (continuous lines) and possible surface branches 
(dashed lines). 



the mode strengthens, but also becomes more asymmet- 
ric at low temperature. We propose that the line shape 
is better described within the Fano physics [14] . where 
the discrete vibrational energy of the mode is affected by 
a continuum electronic excitation. The contribution of 
the Fano resonance to optical conductivity Aci is given 
by [HI: 



Acti(w) 



<F q 2 



2qz - 1 



47rr q 2 {l + z 2 ) 



(1) 



where Lo p p is the plasma frequency of the Fano oscilla- 
tion, r is the line-width, z — 2(u — ujq)/T, u>o being the 
center frequency, and q is a parameter that defines the 
asymmetry of the resonance. The parameter q is posi- 
tive when the phonon interacts with a lower energy ex- 
citation and is negative when the excitation has higher 
energy. The resonance is more asymmetric for small ab- 
solute values of q and recovers the symmetric Lorentz 
shape in the limit \q\ — > oo. Figure |4^b) shows the result 
of the fit to Eq. [IJfor Aoi(w) at T= 10 K. We obtained 
a value of q = —0.65 ± 0.06, which indicates a strongly 
asymmetric line shape. The negative value suggest in- 
teraction of the mode with a higher energy continuum. 

Not having established the origin of the vibration, it is 
difficult to understand the mechanism for its Fano line- 
shape. We notice however, from the inset of Fig. [4jb), 
that there is a remarkable correlation between the tem- 
perature dependence of the asymmetry parameter |g|(T) 
and that of the Drude scattering rate 1/t d (T) . This sug- 
gest the possibility of a coupling between the phonon and 
an electronic transition involving free carriers. The so 
called charged-phonon was proposed by Rice et al. [TS] 
to explain the line-shape asymmetry observed in organic 



conductors [TH] and it was later on used for the analy- 
sis of the vibrational modes in other systems, like doped 
Ceo [12], bilayer graphene [18] and Bi-based topological 
insulators [151120]. 

An excitation of the conduction electrons that give rise 
to an electronic polarization of the space may couple to 
a vibrational mode, resulting in a spectral weight trans- 
fer from this transition to the phonon. The coupling 
constant, denoted g in Ref. [TS], will increase at low tem- 
perature as the free carriers scattering rate is reduced. 
Noticing that the contribution to the dielectric constant, 
and hence spectral weight transfer is proportional to g 2 , 
it is therefore expected that the phonon mode will be 
stronger affected, therefore more asymmetric at low tem- 
perature, like we found in Fig.^b). We suggest that the 
electronic excitation involved in BiTel is an intraband 
transition between bulk and surface conduction branches, 
as it will be discussed below. 

We turn now to the behavior of optical conductivity at 
higher energy. Previous optical study has shown that the 
Rashba spin splitting of the electronic bands in BiTel give 
rise to a more complex electronic excitation spectrum. 
Following the approach from Ref. [5J , in Fig. [5] we plot 
Aai(w) at T=10 K for two different samples, obtained 
after subtracting the Drude contribution. There is still 
finite optical conductivity at low frequency in our data, 
due to the phonon modes (not discussed in the previous 
study). Nevertheless, we identified all the intraband and 
interband transitions reported in Ref. {§_■ and labeled a, 
j3 and 7. The higher energy interband transition 6 from 
Ref. [5] appears clearly in our room temperature data 
(see inset of Fig. |2fb)). Additionally, we observe from 
Fig. [5] that the re is another electronic excitation, cen- 
tered at 0.1 eV with the onset ( as low as 0.04 eV. We 
propose that this transition reveals an important detail in 
the band structure of BiTel. Given its low energy scale, 
the onset £ must represent an intraband transition. It 
was shown theoretically that the Rashba splitting of the 
bulk conduction band in BiTel allows only the a and f3 
excitations, regardless of the position of the Fermi en- 
ergy with respect to the band crossing point [BJ. There- 
fore, the transition £ involves the existence of additional 
electronic branches. In light of the recent experimen- 
tal data [5] EE E] and ab — initio calculations [TUJ , that 
suggests the presence of surface states, we assign the ad- 
ditional band to a transition between the surface and the 
bulk states, like sketched in the inset of Fig. [5] 

In conclusion, we performed an infrared optical study 
on single crystals of BiTel. We found a vibrational spec- 
trum more complex than predicted by the crystal struc- 
ture. Also, the phonon modes have strongly asymmetric 
line-shape, possibly due to their coupling to electronic 
excitations between bulk and surface states of the free 
carriers. This is supported by our observation of an addi- 
tional intraband transition to those previously reported, 
which we assign to excitations between bulk and surface 
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electronic branches. 
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